Abstract
Introduction

15
Solenoids are used extensively for focusing and transporting the beams in modern accelerators [1] [2] [3] [4] . 16 Many high-energy particle detectors are equipped with superconducting (cold) solenoids [5] [6] , that 17 operate at very low temperatures. Meanwhile, many normal conducting (warm) solenoids [7-10] work 18 at room temperature. 19
To evaluate the effects of a solenoid on the beam's parameters, we must calculate the magnetic field 20
[11] or transfer matrix [12] [13] [14] . Many researchers discussed ways of assessing magnetic fields, wherein 21 the fields are calculated on-axis [15] or off-axis [16] , with an infinite solenoid [17] [18] [19] , semi-infinite one 22 [20] , or a finite one [21] [22] . Some papers and textbooks concentrate on calculating the transfer matrix 23 [12] [13] [14] . When evaluating either of them, static magnetic fields produced by cold or warm solenoids 24 usually are assumed to be axially symmetric. 25 Nevertheless, many applications [23] [24] require at the least an estimate of the solenoid's multipole 26 magnetic fields with asymmetry, caused by the realistic solenoid structure. However, very few papers 27 cover this situation. 28
Moreover, although some effort [23] [24] [25] was devoted to ascertaining the magnetic fields of a solenoid's 29 multipole components, it is important thoroughly to study the origins of these components, and to 30 devise methods of reducing them using the structure of the coil winding. 31
The pancake-type solenoid is a frequent choice for applications requiring inexpensive high-power 32 density. Their popularity mainly rests on the ability to connect its electricity in series and the water flow 33 in parallel. 34
In this paper, we address the mechanism that produces multipole magnetic fields in a pancake solenoid 35 and methods to optimize them. 
Structure of the Pancake Solenoid
44
The multipole magnetic field components of realistic solenoids are caused by their asymmetrical 45 construction, which includes cross over angles, transition angles, pancake polarity, leads, and pancake 46 rotation. 47
Pancake is the basic element of this kind of solenoid. One warm solenoid is constructed by assembling 48 several pancakes in different combinations. Fig. 1 shows the geometric structure of one pancake. 49 One pancake consists of two spirals joined on their inner radius by a cross over (Fig. 1 A) . Here, we 52 define the cross over angle as the half angle of the cross over conductor. Fig. 1 A and Fig. 1C have, 53
respectively, a 45° and a 22.5° cross over angle. 54
Each layer of the pancake's spiral is almost a circle. A transition conductor connects one layer to another 55 one ( Fig.1 B) . The first inner layer must transit to the second layer before reaching the cross over 56 conductor. The transition is defined from the transition angle to the cross over angle. The transitions in 57 Fig. 1 B and Fig. 1C , respectively, start from 90° to 45°, and 180° to 22.5°. 58
Each pancake can have its own polarity. Compared with Fig.1 B, Fig.1 C not only has a different cross 59 over and transition angle, but also has an opposite polarity. After winding several layers, the resulting 60 pancake with leads is illustrated in Fig.1 
D. 61
One solenoid can have many pancakes that may have different polarities or different rotations. The 62 solenoid named Solenoid N has same pancake polarity and rotation direction ( Fig. 1 E) ; the solenoid 63 called Solenoid R, has same pancake polarity but alternate pancake rotation ( Fig. 1 F) . In this paper, six 64 of 13 pancakes are rotated by 180° alternately in Solenoid R. Solenoids that have same pancake rotation 65 but alternate pancake polarity are named Solenoid P. 66 Accordingly, the solenoid with different cross over, transition angle, pancake polarity and pancake 67 rotation can have different multipole magnetic field distributions. Furthermore, the leads of individual 68 pancakes may affect these distributions. 69
Analysis Method
70
Using the different geometric parameters discussed in Section 2, we constructed several realistic 71 solenoids modeling them via Vector Field Opera program. All have thirteen pancakes, each pancake with 72 10 layers. Their inner-and outer-diameters are 234mm and 526mm, respectively. Their length is 73 379.6mm. The multipole magnetic field components generated by such "realistic" solenoids are analyzed and 77 compared by Fourier fit method. 78
In cylindrical coordinates, we can express the radial and azimuthal components of magnetic field B in 79 the form [36-37]: 80
Where is the amplitudes of the pole normal term and is the amplitudes of pole skew term 83 in the "European Convention". 84
The multipole magnetic field, can be computed on a reference radius at different longitudinal 85 positions and fitted as Fourier series. Then, according to formula (2), the coefficients of this Fourier 86 series are the multipole magnetic field components. The reference radius = 75 mm, and the 87 longitudinal position from -80 cm to +80 cm are used in this paper. The original point of cylindrical 88 coordinate was set at the center of the solenoid's geometry. 89
Multipole Components for Different Solenoid Structures
90
In this section, we calculate the normalized multipole magnetic field components for different solenoid 91 structures. They are the solenoids with different leads, transition angles, cross over angles, pancake 92 rotations and pancake polarities. 93 In this instance, we changed the cross over angle from 22.5° to 45° and transition angle is 90°. Because 116 conductor transits from the transition angle to the cross over angle, the length of transition conductor 117 also changes. The effects of the cross over angle on multipole components are unclear. 118 From second row in Fig. 6 , we conclude that the 180° alternate rotation of pancakes in a normal 126 solenoid reduces the normal dipole component dramatically. This result is confirmed by the solenoid 127 with the 180° transition angle and 22.5° cross over angle. However, apparently it does not change the 128 normal qaudrupole and sextupole components. 129
Nevertheless, for Solenoid R, it is difficult to assemble a coil with output wires pointing in opposite 130
directions. Besides, there should be some jumpers connecting these coils in series, and they also will 131 introduce some multipole components. 132
To resolve this problem, we changed the layers of seven non-rotated pancakes in Solenoid R from 10 to 133 9.5, so that all pancakes have the same azimuthal position. The simulation for this configuration is 134
shown as the third row in Fig. 6 . 135
The normal dipole component can be reduced by using Solenoid R with a 180° rotation. The quadrupole 136 component can be optimized by 90° pancake rotation or 270° rotation; in this instance, the transition 137 angle is set to 90° and the cross over angle is 22.5°. 138
From This figure shows that in Solenoid P only the skew multipole components change; the normal multipole 147 components do not. 148
According to different design requirements, we can optimize the normal dipole, quadrupole, and 149 sextupole components and skew the dipole components by using different transition angles; thereafter 150 further optimization is achieved different pancake rotation. 151
Beam Transport with a Realistic Solenoid
152
In this section, firstly, we discuss the detrimental effects of a single realistic solenoid on particle 153 transport. Then we analyze the effects of two realistic solenoids on propagation of a particle beam. 154
The dipole component's field of a single realistic solenoid can deflect some kinds of particle trajectories 155 at low energy. To verify this effect and find methods to improve it, we simulated the passage of some 156 particles through a single Solenoid N and Solenoid R. These solenoids have the same dimensions, with a 157 180° transition angle and a 22.5° cross over angle. 158 As Fig. 9 reveals, unlike the ideal solenoid, the particle's trajectories do not follow along the center axis 165 when they pass through these realistic solenoids. From -25 cm to 40 cm, the particle trajectories of 166
Solenoid R have at least 10 times smaller deviations in transverse amplitude than do those of Solenoid N. 167
Sometimes, the beam transport system has several contiguous solenoids. We discuss the effects of 168 relative solenoid orientation on beam propagation for Cases A and Case B in Fig. 10 
